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(54) OPTICAL SYSTEM, IMAGING DEVICE COMPRISING SAME, AND IMAGING SYSTEM

(57)  An optical system 10 includes a front group 11,
a light-shielding member 4, and a rear group 12 that are
arranged in this order in a direction from a side of an
object toward a side of an image. The light-shielding 12{
member 4 has an opening elongated in a first direction.
The front group 11 has aspherical surfaces 2 and 3, does
not image the object at the opening in a first section par-
allel to thefirstdirection, and forms an intermediate image
of the object at the opening in a second section perpen-
dicular to the first direction. The rear group 12 has a dif-
fractive surface 5 that splits a light beam that passes
through the opening into light beams at different wave-
lengths inthe second section and focuses the light beams
on different locations in the second section. Tilt angles
of the aspherical surfaces 2 and 3 in the second section
change in the first direction.
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EP 3 812 822 A1
Description
TECHNICAL FIELD

[0001] The presentinvention relates to an optical system for use in an imaging apparatus that splits a light beam from
an object and that obtains image information and is suitable for inspection and evaluation in industrial fields such as
manufacturing industry, agricultural industry, and medical industry.

BACKGROUND ART

[0002] A known optical system splits a light beam from a test object (object) into light beams at different wavelengths
and focuses the light beams on different locations. PTL 1 discloses an optical system that focuses a light beam from an
object at a slit that is elongated in one direction by using a cylindrical mirror and subsequently splits the light beam by
using a diffraction grating.

CITATION LIST

PATENT LITERATURE

[0003] PTL 1: U.S. Patent No. 7199877
SUMMARY OF INVENTION

[0004] Toincrease the angle of view of the optical system disclosed in PTL 1 in a section along the longitudinal direction
of the slit, it can be thought that the cylindrical mirror has curvature (power) in the section.

[0005] If the cylindrical mirror has curvature in the section along the longitudinal direction of the slit, however, the locus
of the light beam that is reflected by the cylindrical mirror curves in the transverse direction of the slit. For this reason,
there is a possibility that a part of the light beam does not passes through the slit but is reflected.

[0006] It is an object of the present invention to provide an optical system that can inhibit the locus of a light beam
from curving with respect to a slit and an imaging apparatus and an imaging system that include the optical system.
[0007] To achieve the above object, an optical system according to an aspect of the present invention includes a front
group, a light-shielding member, and a rear group that are arranged in this order in a direction from a side of an object
toward a side of an image. The light-shielding member is provided with an opening elongated in a first direction. The
front group has an aspherical surface, does not image the object at the opening in a first section parallel to the first
direction, and forms an intermediate image of the object at the opening in a second section perpendicular to the first
direction. The rear group has a diffractive surface that splits a light beam that passes through the opening into light
beams at different wavelengths in the second section and focuses the light beams on different locations in the second
section. A tilt angle of the aspherical surface in the second section changes in the first direction.

BRIEF DESCRIPTION OF DRAWINGS
[0008]

FIG. 1 schematically illustrates principal parts of an optical system according to an embodiment in an XY section.
FIG. 2 schematically illustrates the principal parts of the optical system according to the embodiment in a ZX section.
FIG. 3 schematically illustrates principal parts of a diffractive optical element according to the embodiment.

FIG. 4 schematically illustrates an effect due to a tilt change surface.

FIG. 5 illustrates a tilt amount of the tilt change surface and changes in tilt according to the embodiment.

FIG. 6 illustrates a spot diagram at an opening of a light-shielding member according to the embodiment.

FIG. 7 illustrates the radii of curvature of first and second reflection surfaces in a second section according to the
embodiment.

FIG. 8 illustrates the radii of curvature of third and fourth reflection surfaces in the second section according to the
embodiment.

FIG. 9 illustrates the partial curvature of the fourth reflection surface in a zx section according to the embodiment.
FIG. 10 illustrates states of focus of light beams at different wavelengths according to the embodiment.

FIG. 11 illustrates states of focus of light beams at different wavelengths in a comparative example.

FIG. 12 illustrates the MTF of an optical system in example 1.

FIG. 13 schematically illustrates principal parts of an optical system in example 2.
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FIG. 14 illustrates the MTF of the optical system in the example 2.

FIG. 15 schematically illustrates principal parts of an optical system in example 3.

FIG. 16 illustrates the MTF of the optical system in the example 3.

FIG. 17 schematically illustrates principal parts of an optical system in example 4.

FIG. 18 illustrates the MTF of the optical system in the example 4.

FIG. 19 illustrates a spot diagram at an opening of a light-shielding member in example 5.

FIG. 20 schematically illustrates principal parts of an imaging system as usage example 1 of the optical system
according to the embodiment.

FIG. 21 schematically illustrates principal parts of an imaging system as usage example 2 of the optical system
according to the embodiment.

DESCRIPTION OF EMBODIMENTS

[0009] A preferred embodiment of the present invention will hereinafter be described with reference to the drawings.
For convenience, the drawings are made on scales that differ from actual scales. In the drawings, like components are
designated by like reference signs, and a duplicated description is omitted.

[0010] In the following description, an XYZ coordinate system is defined as an absolute coordinate system, and an
xyz coordinate system is defined as a local coordinate system for every optical surface. In the local coordinate system,
an x-axis is an axis (an optical axis) in the direction of a normal at a vertex (the origin) of each of optical surfaces, a y-
axis is an axis parallel to a Y-axis and perpendicular to the x-axis at the origin, and a z-axis is an axis perpendicular to
the x-axis and the y-axis. A Y-direction and a y-direction are also referred to as a first direction (a readout direction), a
Z-direction and a z-direction are also referred to as a second direction (a spectral direction), an XY section and an xy
section are also referred to as a first section (a readout section), and a ZX section and a zx section are also referred to
a second section (a spectral section).

[0011] FIG. 1 and FIG. 2 schematically illustrate principal parts of an optical system 10 according to the embodiment
of the present invention, FIG. 1 illustrates the first section, and FIG. 2 illustrates the second section. In FIG. 1 and FIG.
2, shapes in sections along optical axes of components are illustrated. For convenience, FIG. 1 illustrates the components
on the same paper. In FIG. 1 and FIG. 2, for convenience, diffraction gratings on a diffractive surface are omitted.
According to the present embodiment, a test object is disposed near a position of Z = 0 on an object surface parallel to
aYZ plane, and a light-receiving surface 7 of an imaging element is disposed on an imaging surface of the optical system
10. The test object is illuminated with white light such as sunlight (light that has wavelength components).

[0012] The optical system 10 according to the present embodimentincludes a front group 11, a light-shielding member
(a slit member) 4, and a rear group 12 that are arranged in this order in a direction from a side of an object to a side of
an image. The optical system 10 forms an image of the test object on the light-receiving surface (the imaging surface)
7 by focusing a light beam from the test object, not illustrated, which is located in a -X region. The front group 11 has
an aperture stop 1, a first reflection surface 2, and a second reflection surface 3. The rear group 12 has a third reflection
surface (a diffractive surface) 5 and a fourth reflection surface 6. There is cover glass G just in front of the light-receiving
surface 7, but this is dealt with as material that does not contribute to imaging.

[0013] The aperture stop 1 is a member that restricts the width of the light beam from the test object in the second
direction and is disposed such that an opening surface thereof is perpendicular to an X-direction. However, the aperture
stop 1 may be provided outside the optical system 10. In the optical system 10, as illustrated in FIG. 1 and FIG. 2, an
entrance port (the aperture stop 1) and an exit port (the light-receiving surface 7) for the light beam are preferably located
opposite sides each other with the optical surfaces interposed therebetween. This makes it easy to prevent the light
beam from the test object from being shielded by, for example, the imaging element or a wiring line when the optical
system 10 is used in an imaging apparatus.

[0014] The light-shielding member 4 is provided with an opening (a slit) elongated in the first direction. The light-
shielding member 4 limits the angle of view of the optical system 10 in the second section to shield spurious light and
serves as an aperture stop that restricts the width of the light beam in the first direction. The width of the opening of the
light-shielding member 4 is determined depending on the required amount of light and resolution. The width of the
opening of the light-shielding member 4 in the second direction is less than a width (several mm) in the first direction
and is preferably several um to several 100 um. As for the width of the opening of the light-shielding member 4 in the
second direction, when the opening is too thick, the resolution of the light-receiving surface 7 decreases, and when the
opening is too thin, an effective light beam that contributes to imaging is likely to be shielded. Accordingly, the width is
more preferably no less than 10 wum and no more than 0.2 mm.

[0015] Regions of the aperture stop 1 and the light-shielding member 4 other than the opening correspond to light-
shielding surfaces through which light at least in a wavelength band that is used (a designed wavelength band) in the
optical system 10 does not passes. A metal plate that has a hole or a glass plate on which chromium is deposited can
be used as the aperture stop 1 or the light-shielding member 4. The use of the light-shielding member 4 enables the
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optical system 10 to form an image of a readout region (a test region) in the form of a line elongated in the first direction.
[0016] The first reflection surface 2, the second reflection surface 3, and the fourth reflection surface 6 are reflection
surfaces that are obtained by forming reflection coatings on base surfaces that have a free-form surface shape. Each
of the base surfaces of the reflection surfaces is formed by processing (such as cutting, polishing, or molding with a
mold) a block material composed of glass, resin, or metal. The reflection coatings preferably have spectral reflection
properties that achieve sufficient energy efficiency (light use efficiency) at the wavelength band that is used. In the case
where the base surfaces have sufficient reflectance at the wavelength band that is used, the reflection coatings may be
omitted.

[0017] According to the present embodiment, the first reflection surface 2, the second reflection surface 3, and the
fourth reflection surface 6 are aspherical surfaces and are specifically anamorphic optical surfaces (anamorphic reflection
surfaces) that have different degrees of curvature (power) between the first section and the second section. This enables
different optical effects to be exerted in the first section and in the second section. In particular, the first reflection surface
2 and the second reflection surface 3 are tilt change surfaces that have a tilt angle (a tilt amount) in the second section
that changes in the first direction. Consequently, positions at which an on-axis principal ray and outermost off-axis
principal rays enter the light-shielding member 4 can get closer to each other in the second direction, and the light beam
can be inhibited from curving at the opening (which will be described in detail later). The tilt angle described herein
represents the angle of a normal at the vertex of each reflection surface in the zx section with respect to the x-axis (the
Xy section).

[0018] Provided that the front group 11 has at least one tilt change surface, the first reflection surface 2 or the second
reflection surface 3, for example, may be a spherical surface or an anamorphic reflection surface, which is not a tilt
change surface, or any one of them may be removed. To readily achieve the effects of the present invention, however,
both of the first reflection surface 2 and the second reflection surface 3 are preferably tilt change surfaces.

[0019] Provided that the rear group 12 has at least one diffractive surface, and the base surface of the diffractive
surface 5, for example, is an anamorphic surface, the fourth reflection surface 6 may be a spherical surface or may be
removed. To correct different degrees of comatic aberration at respective wavelengths due to the diffractive surface 5
successfully, the rear group 12 preferably has an optical surface in addition to the diffractive surface 5, and an anamorphic
optical surface is preferably located at a position nearer than the diffractive surface 5 to the image as in the present
embodiment. If the front group 11 has the diffractive surface 5, then only light beams at specific wavelengths can pass
through the opening of the light-shielding member 4. Accordingly, it is necessary for the rear group 12 to have the
diffractive surface 5.

[0020] To inhibit aberration from occurring in the optical system 10 in a manner in which the optical surfaces share
power, all of the optical surfaces of the front group 11 and the rear group 12 are preferably anamorphic optical surfaces.
The structures of the front group 11 and the rear group 12 are not limited to the above description, and the optical
surfaces of the groups may be increased or decreased in number. To decrease the size of the entire system and the
number of components, the front group 11 and the rear group 12 preferably have respective two reflection surfaces as
in the present embodiment.

[0021] According to the present embodiment, the size of the optical system 10 is decreased by bending an optical
path with the result that all of the optical surfaces are reflection surfaces, and chromatic aberration is inhibited from
occurring. To decrease the size of the optical system 10 in this case, as illustrated in FIG. 2, the reflection surfaces are
preferably located such that the optical path itself intersects (has a shape of a character of "4") in the front group 11 and
in the rear group 12. A prism or an internal reflection mirror may be used as a reflection member that has a reflection
surface as needed. To inhibit the chromatic aberration from occurring as described above, however, the reflection
member is preferably an external reflection mirror such that the reflection surface is exposed to air. The embodiment
may be configured such that at least one optical surface may be a refractive surface (transmissive surface) as needed.
[0022] In particular, in the rear group 12, a holding member and a wiring line, not illustrated, are disposed around the
light-shielding member 4 and the light-receiving surface 7, and it is difficult to ensure enough space for disposing refractive
optical elements. Even through enough space is ensured, itis necessary for the refractive optical elements to be disposed
to correct the chromatic aberration successfully, and the size of the entire system increases. Accordingly, at least all of
the optical surfaces of the rear group 12 are preferably reflection surfaces. Moreover, it is more preferable that all of the
optical surfaces of the front group 11 be reflection surfaces.

[0023] FIG. 3 schematically illustrates principal parts of a diffractive optical element (a reflective optical element) 50
that has the diffractive surface 5 according to the present embodiment and illustrates a perspective diagram and a front
diagram (diagrams viewed in a +x direction). The diffractive surface 5 has a base surface 51 and diffraction gratings 52
that are disposed on the base surface 51. For convenience, FIG. illustrates an enlarged part of the diffraction gratings 52.
[0024] Thebase surface 51 of the diffractive surface 5 has a free-form surface shape as in the other reflection surfaces.
The diffraction gratings 52 include gratings (projections) that are arranged at a pitch in the order of a submicron to a
micron, and the heights of the gratings are in the order of a submicron to a micron. The diffraction gratings 52 can be
diffraction gratings a zx section of which has a stair shape, an uneven rectangle shape, a blaze shape, or a SIN wave
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shape. The shapes of the diffraction gratings 52 are selected in consideration for required diffraction efficiency and ease
of manufacturing.

[0025] According to the present embodiment, the blaze shape is used because the blaze shape enables both of
improvement in the diffraction efficiency and the ease of manufacturing to be relatively readily achieved. As for the
diffraction gratings that have the blaze shape, a portion farthest from the base surface 51 in the x direction is referred
to as a grating vertex, a portion that reflects (diffracts) incident light is referred to as a blaze surface (a grating surface),
and a portion that is adjacent to the blaze surface and that does not contribute to diffraction is referred to as a grating
wall surface. As for the diffractive surface 5 according to the present embodiment, the blaze surface faces the light-
receiving surface 7 (the image), and the grating wall surface faces the object. Consequently, a light beam at a short
wavelength enters the light-receiving surface 7 in a +Z region in FIG. 2, and a light beam at a long wavelength enters
the light-receiving surface 7 in a -Z region.

[0026] The base surface 51 is formed in the same manner as the other reflection surfaces described above. The
diffraction gratings 52 can be formed by processing the base surface 51 by cutting or polishing. However, the diffraction
gratings 52 may be formed at the same time the base surface 51 is formed. For example, the diffractive optical element
50 that has the diffraction gratings 52 may be manufactured in a manner in which a fine irregular structure is formed on
a surface of a mirror surface part of a mold, and molding is performed by using the mold. A reflection coating may be
formed on a surface of each diffraction grating 52 to improve the diffraction efficiency.

[0027] As illustrated in FIG. 3, the diffraction gratings 52 are preferably formed such that ridge lines corresponding to
vertices of the gratings in the zx section are parallel to each other. The distances between the ridge lines of the diffraction
gratings 52 are more preferably constant. This makes it easy to process the base surface 51 by cutting or polishing. The
embodiment may be configured such that distances between the ridge lines are not be constant, if necessary. For
example, to achieve a high degree of aberration correction in the optical system 10, the distances between the ridge
lines may be changed in the z-direction.

[0028] It is preferable that the base surface 51 of the diffractive surface 5 be an aspherical surface as in the other
reflection surfaces and specifically an anamorphic surface that has different degrees of curvature in the xy section and
in the zx section. This enables the power to be shared together with the other anamorphic optical surfaces, and the
aberration is readily corrected. According to the present embodiment, the base surface 51 of the diffractive surface 5 is
an anamorphic surface. However, the base surface 51 may be a flat surface or a spherical surface to regard the ease
of manufacturing of the diffraction gratings 52 as important.

[0029] The effects of the optical system 10 will be described with reference to FIG. 1 and FIG. 2.

[0030] Alightbeam thatisemitted from the testobject passesthrough the opening of the aperture stop 1, is subsequently
reflected from the first reflection surface 2 and the second reflection surface 3 and reaches the light-shielding member
4. At this time, the front group 11 does not image the test object at the opening of the light-shielding member 4 in the
first section (the XY section) but forms an intermediate image of the test object at the opening of the light-shielding
member 4 in the second section (the ZX section). That is, in the front group 11, the position of focus does not coincide
with the object surface in the first section. Consequently, the intermediate image (a line image) in the form of a line
elongated in the first direction is formed at the opening of the light-shielding member 4. The meaning of "at the opening"
described herein is not limited to the precise position of the opening but includes a position near the opening and slightly
away from the opening in the optical axis (substantially at the opening).

[0031] The light beam that passes through the opening of the light-shielding member 4 is split into light beams at
different wavelengths by using the diffractive surface 5 in the second section. At this time, the light beam that enters the
diffractive surface 5 is subjected to a spectral effect only in the z-direction and is not subjected to the spectral effect in
the y-direction, because the diffraction gratings on the diffractive surface 5 include the gratings (the ridge lines) that are
arranged in the z-direction. The light beams from the diffractive surface 5 are reflected from the fourth reflection surface
6 and enter the light-receiving surface 7 that is located on the imaging surface. At this time, the light beams at the different
wavelengths are focused on different locations on the light-receiving surface 7 in the second section. That is, the optical
system 10 according to the present embodiment enables images for the respective wavelengths to be formed on the
light-receiving surface 7, and the light-receiving surface 7 enables image information for the respective wavelengths to
be obtained.

[0032] The optical system 10 according to the present embodiment thus exerts different optical effects in the first
section along the readout direction and in the second section along the spectral direction. Specifically, in the first section,
the test object is not imaged at the opening of the light-shielding member 4 once but is imaged on the light-receiving
surface 7, and in the second section, the test object is imaged at the opening of the light-shielding member 4 once and
reimaged on the light-receiving surface 7 again. That is, in the first section, the test object is imaged once, but in the
second section, the test object is imaged twice.

[0033] With this structure, the convergence of the light beam (the light beam that enters the opening) that passes
through the opening of the light-shielding member 4 is not limited in the first section, and the degree of freedom of design
of the optical system 10 can be increased. Accordingly, the test object can be imaged on the light-receiving surface 7
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by sharing the power appropriately by the front group 11 and the rear group 12, and various kinds of aberration is readily
corrected. Accordingly, the angle of view can be increased (the readout region can be widened) and an imaged image
can be precise.

[0034] Specifically, in the front group 11, the position of focus in the first section does not coincide with the object
surface, and the light beam that passes through the opening of the light-shielding member 4 can be that of non-parallel
light. This enables the angle of view in the first section to be readily increased. If the light beam that passes through the
opening of the light-shielding member 4 is that of parallel light, then the rear group 12 needs to include a large number
of optical elements to increase the angle of view of the optical system 10, and the size of the entire system increases.
According to the present embodiment, the light beam that passes through the opening of the light-shielding member 4
is diverging light to increase the angle of view. The embodiment may be configured such that the light beam that passes
through the opening of the light-shielding member 4 is converging light as needed.

[0035] Inthe case where the test object is imaged at the opening of the light-shielding member 4 once also in the first
section, the front group 11 and the rear group 12 need to correct the aberration individually. Accordingly, the degree of
freedom of design of the optical surface decreases, for example, the power of each optical surface needs to be increased,
and it is difficult to increase the angle of view of the optical system 10. It is not necessary to increase the angle of view
in the second section, and NA can be increased by imaging the test object at the opening of the light-shielding member
4 once.

[0036] With the structure described above, the power of the front group 11 and the power of the rear group 12 differ
between the first section and the second section. For this structure, the front group 11 and the rear group 12 need to
have respective anamorphic optical surfaces. Inthis case, itis preferable that power be actively provided to the anamorphic
optical surface of the front group 11 not only in the second section, but also in the first section (the absolute value of
curvature is more than 0). The sign of the power of the front group 11 and the sign of the power of the rear group 12
more preferably differ from each other in the first section.

[0037] Specifically, in the second section, the front group 11 and the rear group 12 need to have positive power in
order that the test object is imaged at the opening of the light-shielding member 4 once and is subsequently reimaged
on the light-receiving surface 7. In the first section, however, it is not necessary to image the test object at the opening
of the light-shielding member 4 once. Accordingly, to further increase the angle of view, the front group 11 preferably
has negative power, and the rear group 12 preferably has positive power. Consequently, the optical system 10 is of a
retrofocus type in the first section, the focal length of the entire system decreases, and the angle of view can increase.
In the case where the test object is sufficiently separated from the optical system 10, however, the optical system 10
may be a telephoto optical system in which the front group 11 has positive power, and the rear group 12 has negative
power.

[0038] A situation in which a light beam is split by using the diffractive surface 5 will be described with reference to
FIG. 2. A case that is considered herein is that a white light beam that is emitted from a single point on the test object
is split into light beams at wavelengths A1 [nm], A2 [nm], and A3 [nm] (A2 < A1 < A3). As for the light beams, FIG. 2
illustrates only principal rays and marginal rays.

[0039] A principal ray L1P and marginal rays L1U and L1L of the white light beam that is emitted from the test object
form an intermediate image in the form of a line at the opening of the light-shielding member 4 after interfering with the
aperture stop 1, the first reflection surface 2, and the second reflection surface 3. A principal ray L2P and marginal rays
L2U and L2L that pass through the opening of the light-shielding member 4 are split into rays L3P, L3U, and L3L at the
wavelength A1, rays L4P, L4U, and L4L at the wavelength A2, and rays L5P, L5U, and L5L at the wavelength A3 by
using the diffractive surface 5. The rays at the wavelength 11, the wavelength A2, and the wavelength A3 are focused
on a first location 73, a second location 74, and a third location 75 on the light-receiving surface 7.

[0040] The effects and the shapes of the first reflection surface 2 and the second reflection surface 3 will now be
described in detail.

[0041] FIG. 4 schematically illustrates an effect due to a change in the tilt angle of a reflection surface in the first
direction. FIG. 4 illustrates situations in which a principal ray (an on-axis principal ray) 501 of a light beam from an on-
axis object point and principal rays (outermost off-axis principal rays) 502 and 503 of light beams from outermost off-
axis object points are reflected from reflection surfaces and pass through an opening 401 in the light-shielding member.
In the upper part in FIG. 4, a reflection surface 510 having a tilt angle that does not change is illustrated. In the middle
partin FIG. 4, a reflection surface 520 that is obtained by changing the tilt angle of a flat reflection surface is illustrated.
In the lower part in FIG. 4, a reflection surface 530 that is obtained by changing the tilt angle of the reflection surface
510 in the upper partin FIG. 4 in the same manner as in the reflection surface 520 in the middle partin FIG. 4 is illustrated.
[0042] As illustrated in the upper part in FIG. 4, the on-axis principal ray 501 of the rays that are reflected from the
reflection surface 510 enters the location of the opening 401 of the light-shielding member in the z-direction. The outermost
off-axis principal rays 502 and 503 enter locations (the light-shielding surfaces) a shift amount 511 away from the opening
401 of the light-shielding member. In the case where the reflection surface 510 is not a tilt change surface as above,
positions at which the principal rays that are reflected from the reflection surface 510 enter the light-shielding member
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greatly differ between the on-axis principal ray and the outermost off-axis principal rays. Consequently, a locus 512 of
the light beams from the test object greatly curves in the z-direction, and the light beams from the off-axis object points
cannot pass through the opening 401.

[0043] In the case where the reflection surface is a flat surface, the locus of the light beams that are reflected from
the flat reflection surface does not curve in the z-direction, the rays in a region from the on-axis object point to the
outermost off-axis object points pass through the opening 401. As illustrated in the middle part in FIG. 4, a locus 522 of
the light beams from the test object can be intentionally bent so as to curve in the z-direction in a manner in which the
tilt angle of a flat reflection surface in the zx section is continuously changed in the y-direction.

[0044] As illustrated in the lower part in FIG. 4, the position at which the on-axis principal ray 501 enters the light-
shielding member and the positions at which the outermost off-axis principal rays 502 and 503 enter the light-shielding
member can get closer to each other in the z-direction in a manner in which the tilt angle of the reflection surface 510
is changed in the same manner as in the reflection surface 520. This enables the shift amount 511 of the outermost off-
axis principal rays 502 and 503 with respect to the opening 401 to be decreased and enables a locus 532 of the light
beams to substantially coincide with the shape of the opening 401. Accordingly, the use of the tilt change surface prevents
parts of the light beams from not being able to pass through the opening 401 and from being shielded by the light-
shielding member.

[0045] According to the present embodiment, the first reflection surface 2 and the second reflection surface 3 are tilt
change surfaces as described above, and the positions at which the on-axis principal ray and the outermost off-axis
principal rays enter the opening of the light-shielding member 4 can get closer to each other in the second direction.
Consequently, the light beam is inhibited from curving at the opening, and the rays in the region from the on-axis object
point to the outermost off-axis object points can pass through the opening. Accordingly, the optical system 10 according
to the present embodiment can increase the angle of view by providing the power to the reflection surfaces in the first
section and can inhibit optical performance from being degraded with the result that a part of the light beam is shielded
by the light-shielding member 4.

[0046] FIG. 5illustrates changes in the tilt angles of the first reflection surface 2 and the second reflection surface 3
according to the present embodiment. In FIG. 5, graphs of solid lines represent the first reflection surface 2, and graphs
of dashed lines represent the second reflection surface 3. In the upper part in FIG. 5, the horizontal axis represents a
position [mm] in the y-direction with respect to the origin of the local coordinate system of each reflection surface, and
the vertical axis represents the tilt angle (the tilt amount) [deg] of each reflection surface. In the lower part in FIG. 5, the
horizontal axis represents the position [mm] in the y-direction with respect to the origin of the local coordinate system
of each reflection surface, and the vertical axis represents the change in the tilt angle (a change in tilt) [deg / mm] of
each reflection surface. The change in tilt corresponds to the first derivative of the tilt amount and is expressed as dT /
dy where T is the tilt amount.

[0047] Asillustrated in the upper partin FIG. 5, the tilt amounts of the first reflection surface 2 and the second reflection
surface 3 change in the y-direction, and the changes are symmetric with respect to the z-axis. In this case, as illustrated
in the upper part in FIG. 5, the tilt amount of each reflection surface is preferably changed monotonically (continuously)
for the ease of manufacturing and the design of the reflection surface. In the case where the tilt amount of each reflection
surface does not monotonically change, the reflection surface has an inflection point, the reflection surface is difficult to
form, and wavefront aberration is likely to occur near the inflection point.

[0048] As illustrated in the lower part in FIG. 5, the changes in the tilts of the first reflection surface 2 and the second
reflection surface 3 are close to each other for the same object point. The changes in the tilts in regions of the tilt change
surfaces through which the light beam from the same object point passes thus get closer to each other, and the light
beam from the same object point can be successfully inhibited from curving. Specifically, a conditional expression (1)
described below is preferably satisfied where |dT, / dy| and |dT, / dy| are the changes in the tilts in the regions of the
first reflection surface 2 and the second reflection surface 3 through which the light beam from the same object point
passes.

1.00 < [dT1 / dy|/|dT2 / dy| < 1.50 - (1)

[0049] If the conditional expression (1) exceeds the upper limit, then a difference between the change in the tilt of the
first reflection surface 2 and the change in the tilt of the second reflection surface 3 is too large, and it is difficult for the
light beam from the same object point to be successfully inhibited from curving. As for the conditional expression (1),
the change in the tilt of the first reflection surface 2 is supposed to be equal to or more than the change in the tilt of the
second reflection surface 3 (|[dT / dy| > |[dT, / dy|). If the change in the tilt of the first reflection surface 2 is less than the
change in the tilt of the second reflection surface 3, then it may be read that the change in the tilt of the first reflection
surface 2 is |dT, / dy|, and that the change in the tilt of the second reflection surface 3 is |[dT, / dy].
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[0050] According to the present embodiment, a difference between the tilt amount of the first reflection surface 2 at
an on-axis position and the tilt amount at each of outermost off-axis positions is 1 deg, and a difference between the tilt
amount of the second reflection surface 3 at the on-axis position and the tilt amount at each outermost off-axis position
is 0.4 deg. The changes in the tilts in the regions of the first reflection surface 2 and the second reflection surface 3
through which the light beam from each outermost off-axis object point passes are 0.26 deg / mm and 0.20 deg / mm,
[dT, / dy| / |dT, / dy| = 1.30 is satisfied, and the conditional expression (1) is satisfied. A conditional expression (1a)
described below is more preferably satisfied.

1.00 < |dT1/ dy|/|dT2/ dy| <1.35 - (la)

[0051] FIG. 6 illustrates distribution (a spot diagram) of the light beams from object heights at the opening of the light-
shielding member 4 according to the present embodiment. In FIG. 6, the horizontal axis represents a position [mm] in
the z-direction (the transverse direction) at the opening of the light-shielding member 4, the vertical axis represents a
position [mm] in the y-direction (the longitudinal direction) at the opening of the light-shielding member 4, and points
represent intersection points between the opening of the light-shielding member 4 and the rays.

[0052] According to the present embodiment, the width of the opening of the light-shielding member 4 in the y-direction
is 3.6 mm, and as illustrated in FIG. 6, the light beams at the opening extend to a range of 3.6 mm (*=1.8) in the y-
direction. It can be seen that the distribution of the light beams is sufficiently inhibited from curving in the z-direction with
the result that the first reflection surface 2 and the second reflection surface 3 are tilt change surfaces as described
above. In this case, it is understood that the width of the opening of the light-shielding member 4 in the z-direction is
0.05 mm, which is sufficiently larger than the diameters of the light beams, and that the light beams are not shielded by
the light-shielding member 4 in the z-direction and entirely pass through the opening.

[0053] The optical system 10 according to the present embodiment, in which the front group 11 has the tilt change
surfaces, can inhibit the locus of the light beams from curving at the opening of the light-shielding member 4 and can
achieve good optical performance even with a simple structure.

[0054] The first reflection surface 2, or the second reflection surface 3, or both are preferably secondary-line curvature
change surfaces, each of which has the curvature radius in the second section, the curvature radius at the on-axis
position in the first direction differing from that at the outermost off-axis positions in the first direction. This enables the
curvature of field at the opening of the light-shielding member 4 to be successfully corrected and prevents a part of each
light beam from being shielded by the light-shielding surface of the light-shielding member 4. Generally, in the case
where the angle of view of the optical system is increased, the curvature of field is generated typically strongly, and the
use of the secondary-line curvature change surfaces makes it easy to increase the angle of view. This will now be
described in detail.

[0055] FIG. 7 illustrates the radii of curvature of the first reflection surface 2 and the second reflection surface 3 of the
front group 11 in the second section (the zx section). In FIG. 7, the horizontal axis represents a position [mm] in the y-
direction with respectto the origin of the local coordinate system of each reflection surface, and the vertical axis represents
the radius R, [mm] of curvature of each reflection surface in the second section.

[0056] As illustrated in FIG. 7, the first reflection surface 2 and the second reflection surface 3 according to the present
embodiment are the secondary-line curvature change surfaces, each of which has the curvature radius in the second
section, the curvature radius at the on-axis position in the first direction differing from that at the outermost off-axis
positions in the first direction. This enables correction of the curvature of field: in the second section, the position of focus
of the light beam at the on-axis position in the opening of the light-shielding member 4 shifts from those at the outermost
off-axis positions in the direction of the optical axis. This prevents the light beams that are reflected from the second
reflection surface 3 at the outermost off-axis positions, for example, from being focused on the front or rear of the opening
of the light-shielding member 4 and prevents part thereof from being shielded by the light-shielding surface of the light-
shielding member 4.

[0057] Inthis case, asillustrated in FIG. 7, the radii of curvature of the first reflection surface 2 and the second reflection
surface 3 preferably change from the on-axis position toward the outermost off-axis positions. This enables the curvature
of field in the second section to be successfully corrected over the entire region from the on-axis position to the outermost
off-axis positions in the first direction. That is, positions of focus of the light beams in the second section over the entire
region from the on-axis position to the outermost off-axis positions can be aligned at the opening of the light-shielding
member 4. In this case, as illustrated in FIG. 7, it is preferable that the curvature radius of each reflection surface be
monotonically (continuously) changed. If the curvature radius of each reflection surface does not monotonically change,
then the reflection surface has the inflection point, the reflection surface is difficult to form, and the wavefront aberration
is likely to occur near the inflection point.

[0058] To correct the curvature of field at the opening of the light-shielding member 4, the curvature radius at the on-
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axis position is differentiated from the curvature radius at least at one of the outermost off-axis positions. To correct the
curvature of field more successfully, the curvature radius at the on-axis position is preferably differentiated from the radii
of curvature at the two outermost off-axis positions (of both ends) as in the present embodiment. In this case, arelationship
(the direction of change) in magnitude between the curvature radius at the on-axis position and the curvature radius at
one of the outermost off-axis positions is preferably the same as a relationship in magnitude between the curvature
radius at the on-axis position and the curvature radius at the other outermost off-axis position. That is, the radii of
curvature at both of the outermost off-axis positions are preferably larger than the curvature radius at the on-axis position,
or the radii of curvature at both of the outermost off-axis positions are preferably smaller than the curvature radius at
the on-axis position.

[0059] Provided that the front group 11 has at least one secondary-line curvature change surface, the first reflection
surface 2 or the second reflection surface 3, for example, may be a spherical surface or an anamorphic optical surface,
which is not a secondary-line curvature change surface, or any one of them may be removed. In particular, the optical
surface of the front group 11 that has the smallest curvature radius (the maximum power) in the second section is
preferably the secondary-line curvature change surface. According to the present embodiment, the curvature radius of
the second reflection surface 3 is smaller than the curvature radius of the first reflection surface 2, and the curvature of
field can be readily corrected when at least the second reflection surface 3 is the secondary-line curvature change
surface. To readily obtain the effects of the present invention, however, both of the first reflection surface 2 and the
second reflection surface 3 are preferably the secondary-line curvature change surfaces.

[0060] In the case where the secondary-line curvature change surfaces are provided, the change in the curvature
radius is preferably determined depending on the magnitude of the curvature radius of each reflection surface. According
to the present embodiment, as illustrated in FIG. 7, the change in the curvature radius of the second reflection surface
3 that has a small curvature radius is smaller than the change in the curvature radius of the first reflection surface 2 that
has a large curvature radius. The curvature radius of the first reflection surface 2 in the second section decreases in a
direction from the on-axis position toward each outermost off-axis position, and the curvature radius of the second
reflection surface 3 increases in a direction from the on-axis position toward each outermost off-axis position. The
positions of focus of the light beams from the second reflection surface 3 in the second section can substantially coincide
with positions in the opening of the light-shielding member 4 over the entire region from the on-axis position to the
outermost off-axis positions in the first direction. A method of changing the curvature radius of each reflection surface
is not limited to that described according to the present embodiment and is preferably determined depending on the
design of the entire optical system.

[0061] FIG. 8illustrates the radii of curvature of the base surface of the third reflection surface 5 and the fourth reflection
surface 6 of the rear group 12 in the second section as in FIG. 7. As illustrated in FIG. 8, the front group 11 and the rear
group 12 have the secondary-line curvature change surfaces, and the curvature of field on the light-receiving surface 7
in the second section can be corrected. According to the present embodiment, as illustrated in FIG. 8, the radii of curvature
of the third reflection surface 5 and the fourth reflection surface 6 are changed so as to decrease in a direction from the
on-axis position to each outermost off-axis position.

[0062] As illustrated in FIG. 8, the curvature radius of the base surface of the third reflection surface 5 increases near
each outermost off-axis position, but this portion does not contribute to imaging (a non-effective region). That is, the
curvature radius of a portion of the base surface of the third reflection surface 5 that contributes to imaging (an effective
region) monotonically decreases in the direction from the on-axis position to each outermost off-axis position. The method
of changing the curvature radius of each reflection surface is not limited to that described according to the present
embodiment as in the front group 11 and is preferably determined depending on the design of the entire optical system.
[0063] According to the present embodiment, as illustrated in FIG. 8, the curvature radius of the base surface of the
third reflection surface 5 at the on-axis position is differentiated from that at the outermost off-axis positions, and the
power (the refractive power) of the third reflection surface 5 due to refraction at the on-axis position is differentiated from
that at the outermost off-axis positions. The power (the diffractive power) of the third reflection surface 5 due to diffraction
at the on-axis position is preferably the same as that at the outermost off-axis positions. In the case where the diffractive
power at the on-axis position differs from that at the outermost off-axis positions, spectral performance at the on-axis
position differs from that at the outermost off-axis positions, and there is a possibility that good spectral information
(image information) is not obtained. According to the present embodiment, the diffraction gratings on the third reflection
surface 5 include the gratings (the ridge lines) that are arranged in the z-direction as described above, and the diffractive
power at the on-axis position is consequently the same as that at the outermost off-axis positions. However, the meaning
of the "same" described herein includes not only precisely the same but also substantially the same.

[0064] In an optical system disclosed in PTL 1 described above, the incident angles of light beams with respect to a
lens differ from each other, and this causes the different degrees of comatic aberration at the respective wavelengths.
To correct the different degrees of comatic aberration at the respective wavelengths, it is necessary to use a large
number of lenses, and the structure of the optical system is complex. Accordingly, the shape of the fourth reflection
surface 6 is preferably devised to provide the optical system that corrects the different degrees of comatic aberration at
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the respective wavelengths with a simple structure. This will be described in detail.

[0065] FIG. 9 illustrates the partial curvature (the aspherical surface degree) of the fourth reflection surface 6 in the
second section. In FIG. 9, the horizontal axis represents a position [mm] in the z-direction with respect to the origin of
the local coordinate system of the fourth reflection surface 6, and the vertical axis represents the partial curvature 1 /
R, [1/ mm] of the fourth reflection surface 6. R, is the partial curvature radius of the fourth reflection surface 6 in the
second section. In FIG. 9, a solid line, a dashed line, and a one-dot chain line represent graphs at positions of y = 0.0
[mm], y =-6.0 [mm], and y = -10.0 [mm] in the local coordinate system.

[0066] As seen from FIG. 9, the partial curvature 1/ R, in a -z region and that in a +z region are asymmetric with
respect to the optical axis (the x-axis). Specifically, the partial curvature 1/ R, in the -z region is larger than that in the
+z region. The partial curvature 1/ R, changes (asymmetrically changes) in different manners between the -z region
and the +z region with respect to the optical axis. According to the present embodiment, the partial curvature 1 /R, in
the -z region increases as the position is closer to an off-axis position, and the partial curvature 1/ R, in the +z region
decreases as the position is closer to an off-axis position. The partial curvature 1/ R, increases as the position is away
from a position of y = 0 [mm].

[0067] FIG. 10 illustrates states of focus of light beams at different wavelengths on the light-receiving surface 7 in the
second section (y = 0 [mm]) along the optical axis according to the present embodiment. Specifically, FIG. 10 illustrates
optical paths on which the principal rays and the marginal rays of light beams at wavelengths of A1 = 700 nm, A2 = 400
nm, and A3 = 1000 nm reach the light-receiving surface 7. The present embodiment is designed such that the principal
ray at a wavelength of A1 = 700 nm enters on the optical axis (the x-axis) of the fourth reflection surface 6. In FIG. 10,
signs for the rays at the wavelengths are the same as those in FIG. 2, and an illustration of the diffraction gratings on
the diffractive surface 5 is omitted as in FIG. 2.

[0068] As illustrated in FIG. 10, the curvature of the +z region of the fourth reflection surface 6 with respect to the
optical axis, that is, the same (near) region as that of a vertex 54 of the base surface of the diffractive surface 5 decreases
as the position is closer to an off-axis position. The curvature of the -z region of the fourth reflection surface 6 with respect
to the optical axis, that is, the region opposite (far) the vertex 54 of the base surface of the diffractive surface 5 increases
as the position is closer to an off-axis position. Consequently, the marginal ray L3L that enters the +z region of the fourth
reflection surface 6 and the marginal ray L3U that enters the -z region of the fourth reflection surface 6 are reflected so
to as approach the principal ray L3P. As seen from FIG. 10, the comatic aberration of the light-receiving surface 7 is
successfully corrected for the light beams at all of the wavelengths.

[0069] A comparative example in which only the fourth reflection surface 6 of the optical system 10 is changed will be
examined to describe the effects of the fourth reflection surface 6 according to the present embodiment.

[0070] The fourth reflection surface 6 in the comparative example is obtained by changing some of aspherical surface
coefficients in an expression that represents the shape of the fourth reflection surface 6 according to the present em-
bodiment in the second section into zero. Specifically, the values of aspherical surface coefficients Mg, Moq, My4, Mgg,
Mys, Mys, Mgs, Mys, and My in an expression (Math. 2) described later are zero. The values of My, Mgs, Mys, and Myg
are zero also according to the present embodiment. These aspherical surface coefficients are related to the symmetry
of the fourth reflection surface 6 with respect to the optical axis. That is, the partial curvature 1 /R, of the fourth reflection
surface 6 in the comparative example is symmetric with respect to the optical axis unlike the present embodiment.
[0071] FIG. 11 illustrates states of focus of light beams at different wavelengths on the light-receiving surface 7 in the
second section along the optical axis in the comparative example as in FIG. 10. Specifically, FIG. 11 illustrates optical
paths on which the principal rays and the marginal rays of light beams at wavelengths of &, 1 = 700 nm, A2 = 400 nm,
and A3 = 1000 nm reach the light-receiving surface 7. In the comparative example, as illustrated in FIG. 11, the positions
of focus of the principal rays and the marginal rays at the wavelengths on the light-receiving surface 7 do not coincide,
and the comatic aberration is not successfully corrected.

[0072] According to the present embodiment, in the second section, the anamorphic optical surface that is located at
the position nearer than the diffractive surface 5 to the image thus has a shape in which the curvature in a region with
respect to the optical axis decreases as the position is closer to an off-axis position, and the curvature in the other region
with respect to the optical axis increases as the position is closer to an off-axis position. This enables the marginal rays
of the light beams at the wavelengths to be focused such that the marginal rays approach the principal rays, and the
different degrees of comatic aberration at the respective wavelengths can be successfully corrected.

[0073] Specifically, according to the present embodiment, the fourth reflection surface 6 is formed such that the
curvature in the same region as the vertex of the base surface of the diffractive surface 5 with respect to the optical axis
decreases as the position is closer to an off-axis position, and the curvature in the region opposite the vertex of the base
surface of the diffractive surface 5 with respect to the optical axis increases as the position is closer to an off-axis position.
The method of changing the curvature in both of the regions of the fourth reflection surface 6 with respect to the optical
axis may be changed depending on directions (the directions of the optical surfaces) in which the diffractive surface 5
and the fourth reflection surface 6 deflect the light beams such that a relationship opposite that according to the present
embodiment is obtained. However, an advantageous structure to decrease the size of the entire system is that an optical
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path extending from the light-shielding member 4 to the diffractive surface 5 intersects an optical path extending from
the fourth reflection surface 6 to the light-receiving surface 7 in the second section, and the structure according to the
present embodiment is preferable.

[0074] An F value of the optical system 10 according to the present embodiment will now be described. As for an
optical system the optical performance of which differs between the first section and the second section as in the optical
system 10 according to the present embodiment, it is preferable that the F value in each section be appropriately set.
Specifically, the F value of the optical system 10 for the image in the first section preferably differs from that in the second
section.

[0075] Typically,imaging performance at the opening of the light-shielding member 4 can be improved, the size of the
entire system can be decreased, and the depth of field can be increased by increasing the F value of the optical system
for the image. However, the amount of light at the light-receiving surface 7 decreases, and the SN ratio of a signal that
is outputted from the imaging element decreases. To decrease the size of the entire optical system 10, to increase the
angle of view, and to ensure the sufficient amount of light at the light-receiving surface 7, a conditional expression (2)
described below is preferably satisfied where F1 is the F value for the image in the first section and F2 is the F value
for the image in the second section.

1.00 <F1/F2 - (2)

[0076] The conditional expression (2) represents that the F value for the image in the first section is larger than the F
value for the image in the second section. When the conditional expression (2) is satisfied, the F value in the first section
is sufficiently large (dark), the angle of view can be increased, and various kinds of aberration can be successfully
corrected. The F value in the second section is sufficiently small (bright), the sufficient amount of light at the light-receiving
surface 7 can be ensured, and the resolution can be improved. When the conditional expression (2) is less than the
lower limit, it is difficult to increase the angle of view in the first section and to ensure the sufficient amount of light at the
light-receiving surface 7 with the entire system having a decreased size, which is not preferable.

[0077] A conditional expression (2a) described below is more preferably satisfied. When the conditional expression
(2a) exceeds the upper limit, the F value for the image in the first section is too large, and it is difficult for pixels on the
light-receiving surface 7 to ensure the sufficient amount of light, which is not preferable.

1.00 <F1/F2 <450 - (2a)

[0078] Conditional expressions (2b) and (2c) described below are more preferably satisfied in order.

1.00 <F1/F2<2.00 - (2b)

1.03 <F1/F2<1.50 - (2c)

[0079] The amount of light at the light-receiving surface 7 can be increased by decreasing the F value of the optical
system for the image, but this makes it difficult to correct the aberration. For this reason, to improve the ability (wavelength
resolution) to recognize light beams at different wavelengths and to increase the angle of view, itis necessary to increase
the number of optical elements, and the size of the entire system increases. To ensure high wavelength resolution and
the sufficient amount of light at the light-receiving surface 7 with the entire system having a decreased size, a conditional
expression (3) described below is preferably satisfied.

1.00 <F2/F1 - (3)

[0080] The conditional expression (3) represents that the F value for the image in the second section is larger than
the F value for the image in the first section. When the conditional expression (3) is satisfied, the F value in the second
section is sufficiently large (dark), and high wavelength resolution can be achieved. The F value in the first section is
sufficiently small (bright), and the sufficient amount of light at the light-receiving surface 7 can be ensured. When the
conditional expression (3) is less than the lower limit, it is difficult to ensure high wavelength resolution in the second
section and the sufficient amount of light at the light-receiving surface 7 with the entire system having a decreased size,
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which is not preferable.

[0081] A conditional expression (3a) described below is more preferably satisfied. When the conditional expression
(3a) exceeds the upper limit, the F value for the image in the second section is too large, and there is a possibility that
the light beams at the opening of the light-shielding member 4 exceed the diffraction limit. In this case, the widths of the
light beams in the second direction that pass through the opening of the light-shielding member 4 increase, and it is
difficult to achieve good imaging performance at the light-receiving surface 7, which is not preferable.

1.00 <F2/F1<5.50 - (3a)

[0082] A conditional expression (3b) described below is preferably satisfied.

1.00 <F2/F1 <2.00 - (3b)

[0083] Whether the optical system 10 satisfies the conditional expression (2) or (3) described above may be decided
depending on the required performance.

[0084] The power of each optical surface will now be described in detail.

[0085] The optical system 10 according to the present embodiment has four reflection surfaces having the power in
the first section to increase the angle of view in the first section and to achieve good optical performance. In this case,
in the front group 11, the sign of the power of the first reflection surface 2 in the first section is preferably the same as
that of the second reflection surface 3. This inhibits a part of the light beam from each object height from being shielded
by the light-shielding surface of the light-shielding member 4. In this example, the first reflection surface 2 and the second
reflection surface 3 are convex surfaces in the first section and have negative power.

[0086] Specifically, in the case where the first reflection surface 2 is a convex surface, a ray (an off-axis ray) from an
off-axis object height is reflected at a position nearer to the image than a position at which a ray (an on-axis ray) from
an on-axis object height is reflected. Accordingly, the reflection point of the off-axis ray on the first reflection surface 2
is located nearer than the reflection point of the on-axis ray illustrated in FIG. 2 to the -Z region. In this case, if the second
reflection surface 3 is a flat surface or a concave surface, then the off-axis ray is reflected at a position nearer than the
on-axis ray to the +X region. In this case, a position at which the on-axis ray enters the light-shielding member 4 shifts
in the second direction relative to the position at which the on-axis ray enters the light-shielding member 4, and there is
a possibility that a part of the off-axis ray does not pass through the opening.

[0087] According to the present embodiment, however, the second reflection surface 3 is a convex surface as in the
first reflection surface 2, and the reflection point of the off-axis ray on the second reflection surface 3 is located nearer
than the reflection point of the on-axis ray to the image (the -X region). That is, a positional shift between the reflection
points of the on-axis ray and the off-axis ray due to the first reflection surface 2 can be canceled out by the second
reflection surface 3. This enables the positions of focus of the on-axis ray and the off-axis ray in the second direction to
get closer to each other and enables all of the rays from the object heights to pass through the opening of the light-
shielding member 4. The same is true for the case where the first reflection surface 2 and the second reflection surface
3 are concave surfaces.

[0088] The second reflection surface 3 is nearer than the first reflection surface 2 to the light-shielding member 4, and
the distance between the reflection points of the on-axis ray and the off-axis ray on the second reflection surface 3 is
shorter than the distance between the reflection points of the on-axis ray and the off-axis ray on the first reflection surface
2. Accordingly, it is not preferable that the power of the second reflection surface 3 is extremely smaller than the power
of the first reflection surface 2 in the first section. In view of this, a conditional expression (4) described below is preferably
satisfied where the power of the first reflection surface 2 and the power of the second reflection surface 3 in the first
sectionare ¢ 1 mand ¢ 2 m.

090<¢2m/¢1m-(4)

[0089] The conditional expression (4) represents that the power of the second reflection surface 3 in the first section
is equal to or more than the power of the first reflection surface 2. When the conditional expression (4) is satisfied, a
positional shift between the on-axis ray and the off-axis ray can be successfully corrected as described above.

[0090] Conditional expressions (4a) and (4b) described below are preferably satisfied in order. When the conditional
expressions (4a) and (4b) exceed the upper limit, the power of the second reflection surface 3 in the first section is too
large, and there is a possibility that the aberration is difficult to correct successfully. In addition, there is a possibility that
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the angle of view is difficult to increase by locating the main flat surfaces in the front group 11 in the first section such
that the main flat surfaces face the object.

090<¢2m/¢1m<15-(4a)

092<¢2m/¢ 1 m<10 - (4b)

[0091] For the same reason, in the rear group 12, the sign of the power of the third reflection surface 5 in the first
section is preferably the same as that of the fourth reflection surface 6. This inhibits the positions of focus of the light
beams that pass through the opening of the light-shielding member 4 on the light-receiving surface 7 from shifting in the
second direction. In this example, the third reflection surface 5 and the fourth reflection surface 6 are convex surfaces
in the first section and have positive power. In this case, a conditional expression (5) described below is preferably
satisfied, and conditional expressions (5a) and (5b) are preferably satisfied in order, where the power of the third reflection
surface 5 and the power of the fourth reflection surface 6 in the first section are ¢ 3 mand ¢ 4 m.

10<¢3m/p4m-(5)

10<¢3m/p4m<15--(5a)

15<¢3m/p4m<8.0 - (5b)

[0092] The effect with the result that the signs of the power of each reflection surface of the front group 11 and the
rear group 12 are the same is achieved particularly in the case where the reflection surface is located such that the
optical paths intersect each other in the front group 11 and the rear group 12 as described above. In the case where the
optical paths do not intersect each other in the front group 11 and the rear group 12, for example, in the case where
each of the optical paths has a Z-shape, the signs of the power of each reflection surface of the front group 11 and the
rear group 12 may be configured to differ from each other as needed.

[0093] To decrease the size and costs of the optical system 10, the number of optical elements that are included in
the optical system 10 is preferably decreased as much as possible. According to the present embodiment, reflection
surfaces that have the power in the first section correspond to only the first reflection surface 2, the second reflection
surface 3, the third reflection surface 5, and the fourth reflection surface 6. That is, in the first section, only the first
reflection surface 2 and the second reflection surface 3 among the reflection surfaces in the front group 11 have the
power and only the third reflection surface 5 and the fourth reflection surface 6 among the reflection surfaces in the rear
group 12 have the power. The optical system 10 has the minimum number of the reflection surfaces to achieve good
optical performance, and the size of the entire system can be consequently decreased.

[0094] According to the present embodiment, in the first section, the front group 11 has negative power with the result
that the first reflection surface 2 and the second reflection surface 3 have negative power, and the rear group 12 has
positive power with the result that the third reflection surface 5 and the fourth reflection surface 6 have positive power.
Consequently, the optical system 10 is of a retrofocus type in the first section as described above, and the angle of view
can be increased.

[0095] A conditional expression (6)described below is preferably satisfied where the power of the first reflection surface
2 and the power of the second reflection surface 3 in the second section are ¢ 1 s and ¢ 2 s.

01s/92s<1.0-(6)

[0096] The conditional expression (6) represents that the power of the second reflection surface 3 in the second section
is larger than the power of the first reflection surface 2. When the conditional expression (6) is satisfied, the second
reflection surface 3 that has increased power in the second section can be near the light-shielding member 4 that is
located at an intermediate imaging position. This makes it easy to decrease the magnification of the front group 11 to
obtain a reduction system and enables the depth of field to be increased. When the conditional expression (6) exceeds
the upper limit, the first reflection surface 2 that is disposed near the object has increased power, and the front group
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11 is difficult to be the reduction system.
[0097] A conditional expression (6a) described below is more preferably satisfied. When the conditional expression
(6a) is less than the lower limit, the power of the second reflection surface 3 in the second section is too large, it is difficult
to correct the aberration successfully, and there is a possibility that a part of each light beam cannot pass through the
opening of the light-shielding member 4.

00<¢1s/¢25<1.0-(6a)

[0098] A conditional expression (7) described below is preferably satisfied where the power of the third reflection
surface 5 and the power of the fourth reflection surface 6 in the second section are ¢ 3 s and ¢ 4 s.

10<@3s/@4s-(7)

[0099] The width of the image that is formed on the light-receiving surface 7 in the second direction is determined
depending on the width of the opening of the light-shielding member 4 in the second direction. In this case, the wavelength
resolution (the spectral performance) decreases as the width of the image that is formed on the light-receiving surface
7 increases, which is not preferable. Accordingly, the rear group 12 is preferably the reduction system, and the magni-
fication thereof is preferably decreased. When the conditional expression (7) is satisfied, the rear group 12 is easy to
be the reduction system.

[0100] Conditional expressions (7a) and (7b) described below are more preferably satisfied in order. When the con-
ditional expressions (7a) and (7b) are less than the lower limit, the widths of the light beams that enter the fourth reflection
surface 6 in the second section are too great, and the power of the fourth reflection surface 6 is too large, and it is difficult
to appropriately control the positions of focus of the light beams at the wavelengths on the light-receiving surface 7.
When the conditional expressions (7a) and (7b) exceed the upper limit, the fourth reflection surface 6 is similar to a flat
surface in the second section, the power thereof is too small, and it is difficult to decrease a difference between the
optical paths of the light beams at the wavelengths. In other words, it is difficult to inhibit the positions of focus of the
light beams at the wavelengths from shifting in the direction of the optical axis.

15<¢3s/¢4s<8.0- (7a)

20<¢3s/¢4s<5.0-(7b)

[0101] According to the present embodiment, the base surface of the third reflection surface 5 that is a diffractive
surface is an anamorphic surface, the occurrence of misalignment of the third reflection surface 5 such as rotation about
the optical axis leads to the occurrence of astigmatism and decrease in the depth of field. When the light beams enter
the third reflection surface 5, the light beams are widest in the rear group 12, and the influence of the misalignment of
the third reflection surface 5 is remarkable. In view of this, a conditional expression (8) described below is preferably
satisfied.

05<¢3s/¢3m=<2.0-(8)

[0102] The conditional expression (8) represents that the power of the third reflection surface 5 in the first section does
not greatly differ from that in the second section. When the conditional expression (8) is satisfied, the astigmatism due
to the misalignment of the third reflection surface 5 can be inhibited from occurring, and the depth of field can be inhibited
from decreasing. When the conditional expression (8) is not satisfied, a difference between the power of the third reflection
surface 5 in the first section and that in the second section is too large, and it is difficult to reduce the influence of the
misalignment of the third reflection surface 5.

[0103] Conditional expressions (8a) and (8b) described below are more preferably satisfied in order.

06<¢3s/¢3m<18--(8a)
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08<¢3s/¢3m=<13--(8b)

[0104] The fourth reflection surface 6 preferably has positive power in the second section. As illustrated in FIG. 2, the
lengths of optical paths for the rays L4P and L5P from the third reflection surface 5 to the light-receiving surface 7 are
longer than the length of an optical path for the ray L3P from the third reflection surface 5 to the light-receiving surface
7. In this case, the fourth reflection surface 6 is a concave surface in the second section, and this enables the difference
between the optical paths of the light beams at the wavelengths from the third reflection surface 5 to be readily decreased.

EXAMPLE 1

[0105] An optical system 10 in example 1 of the present invention will be described. The optical system 10 in the
present example has the same structure as that of the optical system 10 according to the embodiment described above.
[0106] In the present example, the distance from the test object to the aperture stop 1 (an object distance) is 300 mm,
the width of the readout region in the first direction is 300 mm, and the angle of view in the first section is +£24.17°. In
the present example, the wavelength band that is used is 400 nm to 1000 nm, and the width of an imaging region (an
incident region) for a light beam on the light-receiving surface 7 in the second direction is 2.7 mm.

[0107] In the present example, the combined focal lengths of the front group 11 and the rear group 12 in the first
section are -16.27 mm and 28.30 mm, and the combined focal lengths of the front group 11 and the rear group 12 in
the second section are 19.99 mm and 25.76 mm. As for the optical system 10 in the present example, intermediation
in the second section enables the imaging performance to be improved, and the retrofocus type in the first section
enables the angle of view to be increased (the readout region is widened).

[0108] Expressions for the shapes of the optical surfaces of the optical system 10 in the present example will now be
described. The expressions for the shapes of the optical surfaces are not limited to the following description, and the
optical surfaces may be designed by using other expressions as needed.

[0109] In the present example, the shapes (the primary-line shapes) of the base surfaces of the first reflection surface
2, the second reflection surface 3, the third reflection surface (the diffractive surface) 5, and the fourth reflection surface
6 in the first section are expressed as an expression described below in the local coordinate system thereof.

[Math. 1]
»* IR,

. 1+ 1-(1+&, Jy/R, ]

+Bzy2 +B4y" +86y6

[0110] Ry is the curvature radius (the radius of primary-line curvature) in the xy section, and Ky, B,, B4, and Bg are
aspherical surface coefficients in the xy section. The aspherical surface coefficients B,, B,, and Bg may be configured
to have different values between both regions (a -y region and a +y region) in the x-axis as needed. This enables the
primary-line shapes to be asymmetric in the y-direction with respect to the x-axis. In the present example, secondary to
senary aspherical surface coefficients are used, but a higher degree of aspherical surface coefficient may be used as
needed.

[0111] In the present example, the shape (the secondary-line shape) of the base surface of each optical surface in
the second section at a position in the y-direction is expressed as an expression described below.

[Math. 2]

2 !
s 2/ +ZZM,&J”I"'~’/{

) 1+\/1»(1+K2)(z/r')2

[0112] K, and M, are aspherical surface coefficients in the zx section. ' is the curvature radius (the radius of secondary-
line curvature) in the zx section at a position y away from the optical axis in the y-direction and is expressed as an
expression described below.
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[Math. 3]

»

1 1
m=;+52y2 +E, "

[0113] ris the radius of secondary-line curvature on the optical axis, and E, and E, are secondary-line change coef-
ficients. In the expression (Math. 3), the first term of the right-hand side of the expression (Math. 2) is zero when r =0
is satisfied. The secondary-line change coefficients E, and E, may be configured to have different values between the
-y region and the +y region as needed. This enables the aspherical surface degree of the secondary-line shape to be
asymmetric in the y-direction. The expression (Math. 3) includes only even terms but may be made to include an odd
term as needed. A high degree of secondary-line change coefficient may be used as needed.

[0114] The primary term of z in the expression (Math. 2) contributes to the tilt amount (the secondary-line tilt amount)
of each optical surface in the zx section. Accordingly, MJ-k has different numerical values between the -y region and the
+y region, and the secondary-line tilt amount can be consequently changed asymmetrically in the y-direction. The
secondary-line tilt amount may be changed asymmetrically by using an odd term. The quadratic term of zin the expression
(Math. 2) contributes to the radius of secondary-line curvature of each optical surface. Accordingly, the radius of sec-
ondary-line curvature is provided to the optical surface by using only the quadratic term of z in the expression (Math. 2)
instead of the expression (Math. 3) to simplify the design of the optical surface.

[0115] The shapes of the diffraction gratings on the diffractive surface 5 are not particularly limited provided that the
shapes are expressed by a phase function based on known diffractive optical theory. In the present example, the shapes
of the diffraction gratings on the diffractive surface 5 are defined as a phase function ¢ described below, where A [mm]
is a fundamental wavelength (a designed wavelength), and C1 is a phase coefficient in the zx section. According to the
present embodiment, however, the diffraction order of the diffraction gratings is 1.

0=02n/L)x(Clxz)

[0116] Thefundamentalwavelength described herein means a wavelength for determining the height of each diffraction
grating and is determined based on, for example, spectral properties of illumination light to the test object, the spectral
reflectance of each reflection surface other than the diffractive surface 5, the spectral light-receiving sensitivity of each
imaging element including the light-receiving surface 7, and the required diffraction efficiency. That is, the fundamental
wavelength corresponds to a wavelength that is regarded as important during detection with the light-receiving surface
7. In the present example, the fundamental wavelength A is 542 nm, and a visible region in the wavelength band that is
used can be predominantly observed. However, the fundamental wavelength may be, for example, about 850 nm so
that a near infrared region is predominantly observed, or the fundamental wavelength may be about 700 nm so that a
region from the visible region to the near infrared region can be observed in a well-balanced manner.

[0117] Table 1 illustrates the position of the vertex of each optical surface of the optical system 10 in the present
example, the direction of a normal at the vertex, and the curvature radius in each section. In Table 1, the position of the
vertex of each optical surface is represented by distances X, Y, and Z [mm] from the origin in an absolute coordinate
system, and the direction of the normal (x-axis) is represented by an angle 6 [deg] with respect to the X-axis in the ZX
section along the optical axis. d [mm] represents the distance (the surface distance) between the optical surfaces, and
d’ [mm] represents the distance between the reflection points of the principal rays on the optical surfaces. Ry and R,
represent the radii of curvature in the XY section and in the ZX section at the reflection points of the principal rays. When
the value of the curvature radius of each reflection surface is positive, a concave surface is represented, and when the
value is negative, a convex surface is represented.

[Table 1]
[0118]

Table 1
X Y Z 0 d d R R

APERTURE STOP | 1 0.000 0.000 | -1.700 0.00 15.458 | 15.473
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(continued)
X Y 4 0 d d Ry R,
FIRST
REFLECTION 2 | 15.458 | 0.000 | -1.751 | -157.83 | 9.802 9.797 -309.32 287.2587
SURFACE
SECOND
REFLECTION 3 8.530 0.000 | -8.684 66.71 18.589 | 18.578 | -38.6807 | 43.27758
SURFACE
LIGHT-SHIELDING
MEMBER 4 8.924 0.000 9.900 90.00 49.797 | 49.794
THIRD
REFLECTION 5 | 10.058 | 0.000 | 59.684 | -107.49 | 20.134 | 20.144 | 65.54156 | 57.12943
SURFACE
FOURTH
REFLECTION 6 0.335 0.000 | 42.054 30.40 25247 | 25.239 | 159.9746 | 154.6239
SURFACE
COVER GLASS G | 25.582 | 0.000 | 41.900 0.00 0.600 0.600
LIGHT-
RECEIVING 7 | 26.182 | 0.000 | 41.900 0.00
SURFACE

[0119] Table 2 represents the shape of each optical surface of the optical system 10 in the present example.

[Table 2]
[0120]
Table 2
REFTECS)’IION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE

y -3.093E+02 -3.868E+01 6.554E+01 1.600E+02

Ky -1.000E+00 -1.000E+00 -1.000E+00 -1.000E+00
B, 0.000E+00 0.000E+00 0.000E+00 0.000E+00
By 8.067E-06 -1.590E-05 5.840E-07 -8.601 E-07
Bg -5.811 E-11 -3.260E-07 -1.134E-11 4.309E-10

r 0.000E+00 0.000E+00 0.000E+00 0.000E+00

K, 0.000E+00 0.000E+00 0.000E+00 0.000E+00
E, 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Es 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mo+ 0.000E+00 0.000E+00 0.000E+00 0.000E+00
My, 1.398E-04 2.471 E-04 -1.632E-05 -7.584E-05
My 6.002E-07 2.947E-06 -1.121E-08 7.866E-09
Moo 1.741 E-03 1.155E-02 8.752E-03 3.234E-03
My, 2.824E-05 -5.717E-05 1.120E-06 1.186E-06
My, -1.558E-08 3.920E-08 -3.108E-10 3.801 E-09
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(continued)
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE

Mos -1.283E-05 1.259E-04 1.370E-05 -3.088E-05
Myq 1.542E-06 1.055E-05 0.000E+00 1.564E-08
Mys -1.167E-08 1.254E-07 0.000E+00 -1.896E-10
Mo 1.214E-04 -1.906E-04 6.180E-07 1.353E-06
Moy 1.459E-07 -2.301 E-06 0.000E+00 5.803E-10
Mya 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Myg 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mys 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mog 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Myg 0.000E+00 0.000E+00 0.000E+00 0.000E+00

C1 6.331 E-02

by 5.420E-04

[0121] Table 3 illustrates the diameters [mm] of the opening of the aperture stop 1, the opening of the light-shielding

member 4, and the light-receiving surface 7 in the y-direction and in the z-direction when the conditional expression (2)
is satisfied (example 1a). Table 4 illustrates the diameters [mm] of the opening of the aperture stop 1, the opening of
the light-shielding member 4, and the light-receiving surface 7 in the y-direction and in the z-direction when the conditional
expression (3) is satisfied (example 1b). In the present example, the opening of the aperture stop 1, the opening of the

light-shielding member 4, and the light-receiving surface 7 are rectangular.

[Table 3]

[0122]

Table 3

APERTURE STOP

LIGHT - SHIELDING MEMBER

LIGHT - RECEIVING SURFACE

DIAMETER (y)

35.2

3.6

7.2

DIAMETER (z)

3.6

0.05

5.4

[Table 4]

[0123]

Table 4

APERTURE STOP

LIGHT - SHIELDING MEMBER

LIGHT - RECEIVING SURFACE

DIAMETER (y)

35.2

3.6

7.2

DIAMETER (z)

3.0

0.05

5.4

[0124]

18

FIG. 12 illustrates the MTF (Modulated Transfer Function) of the optical system 10 in the present example.
FIG. 12 illustrates the MTF at wavelengths of 700 nm (frg1), 400 nm (frq2), and 1000 nm (frg3) when the object height
[mm] in the readout region satisfies Y = 0, 30, 60, 90, 120, or 150. As illustrated in FIG. 12, spatial frequencies [number
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/ mm] of each imaging element including the light-receiving surface 7 at the wavelengths are 27.8, 41.7, and 55.6. As
seen from FIG. 12, the aberration is successfully corrected over the entire readout region, and the depth of focus is
sufficiently ensured.

EXAMPLE 2

[0125] An optical system 10 in example 2 of the present invention will now be described. A description of components
of the optical system 10 in the present example like to those of the optical system 10 in the example 1 described above
is omitted.

[0126] FIG. 13 schematically illustrates principal parts of the optical system 10 according to the embodiment of the
present invention in the first and second sections. In the optical system 10 in the present example, the length of the
optical path from the aperture stop 1 to the light-receiving surface 7 is shorter than that in the optical system 10 in the
example 1, and the size of the entire system is further decreased.

[0127] In the present example, the distance from the test object to the aperture stop 1 is 300 mm, the width of the
readout region in the first direction is 300 mm, and the angle of view in the first section is £24.46°. In the present example,
the wavelength band that is used is 400 nm to 1000 nm, and the width of the imaging region on the light-receiving surface
7 in the second direction is 2.7 mm. The combined focal lengths of the front group 11 and the rear group 12 in the present
example in the first section are -14.21 mm and 16.69 mm, and the combined focal lengths of the front group 11 and the
rear group 12 in the second section are 19.33 mm and 11.01 mm.

[0128] Table 5 illustrates the position of the vertex of each optical surface of the optical system 10 in the present
example, the direction of a normal at the vertex, and the curvature radius in each section as in the example 1, and Table
6 illustrates the shape of each optical surface. Table 7 illustrates the diameters of the opening of the aperture stop 1,
the opening of the light-shielding member 4, and the light-receiving surface 7 when the conditional expression (2) is
satisfied (example 2a), and Table 4 illustrates the diameters of the opening of the aperture stop 1, the opening of the
light-shielding member 4, and the light-receiving surface 7 when the conditional expression (3) is satisfied (example 2b).
[0129] Local coordinate systems that differ from each other for positions are defined such that the normal at each of
the positions on a primary line expressed as the expression (Math. 1) coincides with the x-axis, and the shape of the
third reflection surface 5 in the second section is expressed as the expression (Math. 2) described above. The reason
why the values of the curvature radius Ry in Table 5 differ from those in Table 6 is that the tilt angle in the second section
is taken into account for the values of the curvature radius in Table 5.

[Table 5]
[0130]
Table 5
X Y Z 0 d d Ry R,
APERTURE STOP 1 0.000 0.000 -1.700 0.00 15.096 | 15.449
FIRST
REFLECTION 2 15.000 | 0.000 0.000 -158.94 | 11.302 | 10.765 -63.9777 113.3358
SURFACE
SECOND
REFLECTION 3 5.990 0.000 -6.824 75.87 14.941 14.891 -68.3112 | 47.53759
SURFACE
LIGHT-SHIELDING
MEMBER 4 7.855 0.000 8.000 90.00 14.228 | 14.365
THIRD
REFLECTION 5 10.067 | 0.000 | 22.055 | -118.94 | 12.802 | 12.640 | 36.50615 21.0675
SURFACE
FOURTH
REFLECTION 6 1.624 0.000 12.431 93.72 14.525 | 14.603 | 120.0635 | 98.14715
SURFACE
LIGHT-RECEIVING
SURFACE 7 16.148 | 0.000 12.269 0.00

19



10

15

20

25

30

35

40

45

50

55

EP 3 812 822 A1

[Table 6]
[0131]
Table 6
FIRST
REELECTION SECOZ%EE:IC_:I;CTION THIRIIS)LTRE:::IA_EETION FOUR';I—LIJEEEIC_:IECTION
SURFACE
y -6.822E+01 -6.437E+01 3.650E+01 4.231 E+01
K, 1.703E+01 9.706E+01 1.762E-01 -2.277E+00
B, 0.000E+00 0.000E+00 0.000E+00 0.000E+00
B, 3.284E-05 -2.066E-05 0.000E+00 -1.019E-05
Bg 5.782E-09 -1.118E-07 0.000E+00 -1.827E-07
r 9.653E+01 3.908E+01 2.098E+01 4.242E+00
K, 0.000E+00 2.277E+01 -7.623E+00 -1.017E+00
E, -6.566E-06 -1.550E-04 0.000E+00 -7.400E-04
= 1.898E-07 1.655E-06 0.000E+00 6.481 E-06
Mg 1.134E-01 3.783E-01 0.000E+00 2.661 E+00
Mo, -3.028E-04 -6.369E-04 0.000E+00 1.253E-03
My 2.359E-06 1.384E-06 0.000E+00 -4 432E-07
Moo 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Moo 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Myo 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos -2.070E-04 3.016E-04 0.000E+00 4.822E-03
Mys 2.280E-06 3.468E-06 0.000E+00 -1.638E-04
My3 0.000E+00 0.000E+00 0.000E+00 6.876E-06
Mo 2.383E-05 7.545E-07 0.000E+00 -8.784E-05
Moy -1.916E-07 3.838E-06 0.000E+00 0.000E+00
Mya 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mog 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mys 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mog 0.000E+00 -7.032E-07 0.000E+00 0.000E+00
Myg 0.000E+00 0.000E+00 0.000E+00 0.000E+00
C1 1.330E-01
by 7.000E-04
[Table 7]
[0132]
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Table 7
APERTURE STOP | LIGHT - SHIELDING MEMBER | LIGHT - RECEIVING SURFACE
DIAMETER (y) 31.6 2.0 7.2
DIAMETER (z) 3.6 0.08 5.4
[Table 8]
[0133]
Table 8
APERTURE STOP | LIGHT - SHIELDING MEMBER | LIGHT - RECEIVING SURFACE
DIAMETER (y) 31.6 3.6 7.2
DIAMETER (z) 3.6 0.08 5.4

[0134] FIG. 14 illustrates the MTF of the optical system 10 in the present example as in FIG. 12. As seen from FIG.
14, the aberration is successfully corrected over the entire readout region, and the depth of focus is sufficiently ensured.

EXAMPLE 3

[0135] An optical system 10 in example 3 of the present invention will now be described. A description of components
of the optical system 10 in the present example like to those of the optical system 10 in the example 1 described above
is omitted.

[0136] FIG. 15 schematically illustrates principal parts of the optical system 10 according to the embodiment of the
present invention in the first and second sections. The values of Fno of the optical system 10 in the present example
for light emission (the image) are smaller (brighter) than those of the optical system 10 in the example 1. Specifically,
the values of Fno of the optical system 10 in the example 1 for light emission in the first and second sections are 4.7
and 4.0, and the values of Fno of the optical system 10 in the present example for light emission in the first and second
sections are 4.1 and 3.5.

[0137] In the present example, the distance from the test object to the aperture stop 1 is 300 mm, the width of the
readout region in the first direction is 300 mm, and the angle of view in the first section is £24.44°. In the present example,
the wavelength band that is used is 400 nm to 1000 nm, and the width of the imaging region on the light-receiving surface
7 in the second direction is 2.64 mm. The combined focal lengths of the front group 11 and the rear group 12 in the
present example in the first section are -14.46 mm and 26.85 mm, and the combined focal lengths of the front group 11
and the rear group 12 in the second section are 19.34 mm and 24.98 mm.

[0138] Table 9 illustrates the position of the vertex of each optical surface of the optical system 10 in the present
example, the direction of a normal at the vertex, and the curvature radius in each section as in the example 1, and Table
10 illustrates the shape of each optical surface. Table 11 illustrates the diameters of the opening of the aperture stop 1,
the opening of the light-shielding member 4, and the light-receiving surface 7 when the conditional expression (2) is
satisfied (example 3a), and Table 12 illustrates the diameters of the opening of the aperture stop 1, the opening of the
light-shielding member 4, and the light-receiving surface 7 when the conditional expression (3) is satisfied (example 3b).

[Table 9]
[0139]
Table 9
X Y Z 0 d d Ry R,

APERTURE STOP 1 0.000 0.000 -1.700 0.00 15.449 15.449

FIRST

REFLECTION 2 15.448 | 0.000 -1.787 | -166.40 | 10.765 10.765 -65.8139 113.3369

SURFACE
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(continued)
X Y z 0 d d Ry R,
SECOND
REFLECTION 5.903 0.000 | -6.763 55.02 14.961 | 14.961 | -68.5038 | 47.58075
SURFACE
LIGH“;_ESJQEE?DING 4 7.855 0.000 8.070 90.00 | 48.207 | 48.207
THIRD
REFLECTION 5 | 14.144 | 0.000 | 55.865 | -115.58 | 22.076 | 22.077 | 64.09489 | 52.67938
SURFACE
FOURTH
REFLECTION 6 0.295 0.000 | 38.674 20.44 21.609 | 21.609 103.114 156.1331
SURFACE
LIGHSTL_JilE:iEE/ING 7 | 21.558 | 0.000 | 34.822 0.00
[Table 10]
[0140]
Table 10
FIRST
REFLECTION SECOZIEJEE:IC_:ECTION THIR[;S:;L_\(E;CE:TION FOUR';I—LI”I:E:IC_:IECTION
SURFACE
y -6.581 E+01 -6.850E+01 6.409E+01 1.031 E+02
Ky -1.000E+00 -1.000E+00 -1.000E+00 -1.000E+00
B2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
B4 2.975E-05 -5.799E-05 -3.950E-07 3.816E-06
Bg -1.050E-08 -9.859E-07 3.956E-11 -5.352E-09
r 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Kz 0.000E+00 0.000E+00 0.000E+00 0.000E+00
E2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
E4 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mo+ 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M21 -1.636E-04 -1.499E-04 1.083E-06 -5.606E-05
M41 2.424E-06 4.838E-06 1.598E-09 -5.157E-08
Moo 4.412E-03 1.051 E-02 9.491 E-03 3.202E-03
My, 5.466E-06 -4.333E-05 1.169E-06 1.858E-06
M42 9.041 E-08 6.697E-07 -2.866E-10 -5.249E-09
Moz -3.609E-05 1.564E-04 1.425E-05 -2.126E-05
M23 9.243E-07 2.513E-06 0.000E+00 -1.176E-07
M43 -1.031 E-09 -1.452E-07 0.000E+00 3.731 E-11
Mos 2.306E-05 3.844E-05 -7.963E-07 1.295E-06
M24 -1.858E-07 1.982E-05 0.000E+00 9.929E-09

22




10

15

20

25

30

35

40

45

50

55

EP 3 812 822 A1

(continued)
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE
Mgy 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M25 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mys 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 -7.991 E-07 0.000E+00 0.000E+00
M26 0.000E+00 -3.458E-06 0.000E+00 0.000E+00
M46 0.000E+00 0.000E+00 0.000E+00 0.000E+00
C1 8.095E-02
by 7.000E-04
[Table 11]
[0141]

Table 11

APERTURE STOP

LIGHT - SHIELDING MEMBER

LIGHT - RECEIVING SURFACE

DIAMETER (y) 31.6 3.6 7.2
DIAMETER (z) 3.6 0.05 5.4

[Table 12]

[0142]

Table 12

APERTURE STOP

LIGHT - SHIELDING MEMBER

LIGHT - RECEIVING SURFACE

DIAMETER (y)

31.6

3.6

7.2

DIAMETER (z)

24

0.05

5.4

[0143] FIG. 16 illustrates the MTF of the optical system 10 in the present example as in FIG. 12. As seen from FIG.
16, the aberration is successfully corrected over the entire readout region, and the depth of focus is sufficiently ensured.

EXAMPLE 4

[0144] An optical system 10 in example 4 of the present invention will now be described. A description of components
of the optical system 10 in the present example like to those of the optical system 10 in the example 1 described above
is omitted.

[0145] FIG. 17 schematically illustrates principal parts of the optical system 10 according to the embodiment of the
present invention in the first and second sections. In the optical system 10 in the present example, the length of the
optical path from the aperture stop 1 to the light-receiving surface 7 is shorter than that in the optical system 10 in the
example 1, and the size of the entire system is further decreased.

[0146] In the present example, the distance from the test object to the aperture stop 1 is 300 mm, the width of the
readout region in the first direction is 300 mm, and the angle of view in the first section is £24.49°. In the present example,
the wavelength band that is used is 400 nm to 1000 nm, and the width of the imaging region on the light-receiving surface
7 in the second direction is 2.37 mm. The combined focal lengths of the front group 11 and the rear group 12 in the
present example in the first section are -13.23 mm and 16.78 mm, and the combined focal lengths of the front group 11
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and the rear group 12 in the second section are 17.53 mm and 11.25 mm.

[0147] Table 13 illustrates the position of the vertex of each optical surface of the optical system 10 in the present
example, the direction of a normal at the vertex, and the curvature radius in each section as in the example 1, and Table
14 illustrates the shape of each optical surface. Table 15 illustrates the diameters of the opening of the aperture stop 1,
the opening of the light-shielding member 4, and the light-receiving surface 7 when the conditional expression (2) is
satisfied (example 4a), and Table 16 illustrates the diameters of the opening of the aperture stop 1, the opening of the
light-shielding member 4, and the light-receiving surface 7 when the conditional expression (3) is satisfied (example 4b).
The reason why the values of the curvature radius Ry in Table 13 differ from those in Table 14 is that the tilt angle in the
second section is taken into account for the values of the curvature radius in Table 13.

[Table 13]
[0148]
Table 13
X Y Z 0 d d Ry R,
APERTURE STOP 1 0.000 0.000 -1.700 0.00 15.096 15.515
FIRST
REFLECTION 2 15.000 | 0.000 0.000 -158.94 | 11.790 11.068 -63.6062 822.035
SURFACE
SECOND
REFLECTION 3 5.986 0.000 -7.599 65.40 15.710 15.801 -61.0899 35.63555
SURFACE
LIGHT-SHIELDING
MEMBER 4 7.855 0.000 8.000 90.00 14.184 14.339
THIRD
REFLECTION 5 9.793 0.000 | 22.051 | -116.89 | 12.744 12.764 | 35.11489 | 21.34854
SURFACE
FOURTH
REFLECTION 6 1.384 0.000 12.474 95.15 14.679 14.541 207.4402 | 82.28998
SURFACE
LIGHT-RECEIVING
SURFAGE 7 16.063 | 0.000 12.474 -0.01
[Table 14]
[0149]
Table 14
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE
y -6.893E+01 -5.969E+01 3.511 E+01 7.391 E+01
Ky 2.282E+01 4.694E+01 -2.363E-01 -7.185E+00
B2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
B4 2.449E-05 -2.328E-05 0.000E+00 8.733E-06
Bg 4.684E-08 -3.929E-07 0.000E+00 -1.347E-07
r -7.730E+06 3.417E+01 2.122E+01 3.940E+00
Kz 8.356E+04 1.676E+01 -8.549E+00 6.524E-01
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(continued)
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE
E2 -7.041 E-01 2.606E-03 0.000E+00 4.684E-03
E4 1.281 E-01 -6.394E-05 0.000E+00 -9.506E-05
Mo+ 8.736E-02 1.338E-01 0.000E+00 2.577E+00
M21 -3.528E-04 -6.227E-04 0.000E+00 1.174E-03
M41 1.876E-06 -3.362E-06 0.000E+00 -5.369E-06
Moz 0.000E+00 0.000E+00 0.000E+00 0.000E+00
My, 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M42 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Moz 4.367E-05 4.290E-04 0.000E+00 6.733E-03
M23 -5.721 E-07 5.393E-07 0.000E+00 -4 559E-04
M43 0.000E+00 0.000E+00 0.000E+00 2.610E-05
Mgy 1.808E-05 -8.959E-06 0.000E+00 -3.084E-03
M24 -4.071 E-08 -1.085E-06 0.000E+00 0.000E+00
Mgy 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M25 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mys 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M26 0.000E+00 1.909E-07 0.000E+00 0.000E+00
M46 0.000E+00 0.000E+00 0.000E+00 0.000E+00
C1 1.207E-01
by 7.000E-04
[Table 15]
[0150]
Table 15
APERTURE STOP | LIGHT - SHIELDING MEMBER | LIGHT -RECEIVING SURFACE

DIAMETER (y) 30.8 2.8 7.2
DIAMETER (z) 3.6 0.1 5.4
[Table 16]
[0151]
Table 16
APERTURE STOP | LIGHT - SHIELDING MEMBER | LIGHT - RECEIVING SURFACE
DIAMETER (y) 30.8 3.6 7.2
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(continued)

APERTURE STOP | LIGHT - SHIELDING MEMBER | LIGHT -RECEIVING SURFACE
DIAMETER (z) 3.6 0.1 5.4

[0152] Inthe present example, the secondary-line shapes of the first reflection surface 2, the second reflection surface
3, the third reflection surface 5, and the fourth reflection surface 6 are expressed as an expression described below
instead of the expression (Math. 3) described above. Local coordinate systems that differ from each other for positions
on the primary line are defined as in the example 2, and the secondary-line shape of the third reflection surface 5 is
expressed as the expression (Math. 2) described above.

r=r (l + Ezy2 + E4y4)

[0153] FIG. 18 illustrates the MTF of the optical system 10 in the present example as in FIG. 12. As seen from FIG.
18, the aberration is successfully corrected over the entire readout region, and the depth of focus is sufficiently ensured.

EXAMPLE 5

[0154] An optical system 10 in example 5 of the present invention will now be described. The optical system 10 in the
present example differs from the optical system 10 in the example 1 in that the tilt angle of the first reflection surface 2
is not changed in the first direction. A description of components of the optical system 10 in the present example like to
those of the optical system 10 in the example 1 described above is omitted.

[0155] The combined focal lengths of the front group 11 and the rear group 12 in the present example in the first
section are -17.01 mm and 28.56 mm, and the combined focal lengths of the front group 11 and the rear group 12 in
the second section are 19.31 mm and 25.91 mm.

[0156] In the present example, as for the first reflection surface 2, the tilt angle is prevented from changing by setting
the aspherical surface coefficients My, My4, and M4 of z in the expression (Math. 2) described above with respect to
the primary term to zero. This enables the shape of the first reflection surface 2 to be simple and facilitates manufacturing.
In particular, in the case where the first reflection surface 2 is formed by molding, the difficulty of processing of a mold
decreases, and the time required for processing can greatly decrease.

[0157] Table 17 illustrates the position of the vertex of each optical surface of the optical system 10 in the present
example, the direction of a normal at the vertex, and the curvature radius in each section as in the example 1, and Table
18 illustrates the shape of each optical surface.

[Table 17]
[0158]
Table 17
X Y Z 0 d d Ry Rz
APERTURE STOP 1 0.000 0.000 -1.700 0.00 15.579 15.473
FIRST
REFLECTION 2 15.576 | 0.000 -1.426 | -157.68 | 10.231 9.797 -199.048 298.6913
SURFACE
SECOND
REFLECTION 3 8.529 0.000 -8.843 66.72 17.748 18.578 -45.0869 41.44653
SURFACE
LIGHT-SHIELDING
MEMBER 4 8.963 0.000 8.900 90.00 50.885 | 49.794
THIRD
REFLECTION 5 9.984 0.000 | 59.774 | -107.31 | 20.171 20.144 | 65.52191 57.27334
SURFACE
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(continued)
Y z 0 d d Ry Rz
FOURTH
REFLECTION 6 0.264 0.000 | 42.100 30.50 25337 | 25.239 | 171.3464 | 161.5763
SURFACE
COVER GLASS G | 25.600 | 0.000 | 41.900 0.00 0.600 0.600
LIGHT-
RECEIVING 7 | 26.200 | 0.000 | 41.900 0.00
SURFACE
[Table 18]
[0159]
Table 18
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE
y -1.987E+02 -4.510E+01 6.552E+01 1.717E+02
Ky -1.000E+00 -1.000E+00 -1.000E+00 -1.000E+00
B2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
B4 -5.402E-07 8.306E-06 5.852E-07 -7.553E-07
Bg 1.030E-09 -5.960E-08 1.751E-11 7.413E-10
r 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Kz 0.000E+00 0.000E+00 0.000E+00 0.000E+00
E2 0.000E+00 0.000E+00 0.000E+00 0.000E+00
E4 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mo+ 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M21 0.000E+00 2.703E-05 -1.352E-05 -6.440E-05
M41 0.000E+00 1.015E-06 -9.007E-09 8.292E-09
Mg, 1.723E-03 1.210E-02 8.729E-03 3.086E-03
Mo 2.510E-05 -8.690E-05 1.012E-06 1.057E-06
M42 -8.681 E-08 1.022E-06 -3.130E-10 3.696E-09
Moz -1.507E-04 1.562E-04 1.073E-05 -3.130E-05
M23 3.392E-06 1.263E-05 0.000E+00 1.854E-08
M43 -1.104E-08 -7.062E-08 0.000E+00 -3.573E-10
Mgy 1.391 E-04 -2.003E-04 2.836E-07 1.304E-06
M24 -6.650E-07 2.661 E-06 0.000E+00 2.144E-09
Mya 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mos 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M25 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Mys 0.000E+00 0.000E+00 0.000E+00 0.000E+00
Moe 0.000E+00 0.000E+00 0.000E+00 0.000E+00
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(continued)
FIRST
REFLECTION SECOND REFLECTION THIRD REFLECTION FOURTH REFLECTION
SURFACE SURFACE SURFACE SURFACE

M26 0.000E+00 0.000E+00 0.000E+00 0.000E+00
M46 0.000E+00 0.000E+00 0.000E+00 0.000E+00

C1 6.331 E-02

by 5.420E-04

[0160] FIG. 19 illustrates the distribution of the light beams from the object heights at the opening of the light-shielding
member 4 in the present example as in FIG. 5. As seen from FIG. 19, the distribution of the light beams from the object
heights are sufficiently inhibited from curving in the z-direction.

[0161] Table 19 illustrates the F value F1 for the image in the first section, the F value F2 for the image in the second
section, and the value of the conditional expression (1) of the optical system 10 in each of the examples 1a to 4a. As
illustrated in Table 19, the conditional expression (1) is satisfied in all of the examples. Table 20 illustrates the F value
F1 for the image in the first section, the F value F2 for the image in the second section, and the value of the conditional
expression (2) of the optical system 10 in each of the examples 1b to 4b. As illustrated in Table 20, the conditional
expression (2) is satisfied in all of the examples.

[Table 19]
[0162]
Table 19
F1 F2 F1/F2
EXAMPLE 1a | 4.70 | 4.00 1.18
EXAMPLE 2a | 8.63 | 7.26 1.19
EXAMPLE 3a | 4.06 | 3.47 1.17
EXAMPLE 4a | 6.46 | 6.12 1.06
[Table 20]
[0163]

Table 20

F1 F2 F2/F1
EXAMPLE 1b | 4.70 | 4.73 1.01
EXAMPLE 2b | 4.79 | 7.26 1.52
EXAMPLE 3b | 4.06 | 5.31 1.31
EXAMPLE 4b | 5.02 | 6.12 1.22

[0164] Table 21 illustratesthe values of the power of the reflection surfaces and the values of the conditional expressions
described above in each of the examples.

[Table 21]

[0165]
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Table 21
EXAMPLE 1 | EXAMPLE 2 | EXAMPLE 3 | EXAMPLE 4
¢1m -6.47E-03 -3.13E-02 -3.04E-02 -3.14E-02
$2m -5.17E-02 -2.93E-02 -2.92E-02 -3.27E-02
¢2m/p1m 8.00E+00 9.37E-01 9.61 E-01 1.04E+00
¢3m 3.05E-02 5.48E-02 3.12E-02 5.70E-02
¢4m 1.25E-02 1.67E-02 1.94E-02 9.64E-03
¢3m/p4m 2.44E+00 3.29E+00 1.61E+00 5.91 E+00
os 6.96E-03 1.76E-02 1.76E-02 2.43E-03
$2s 4.62E-02 4.21 E-02 4.20E-02 5.61 E-02
0 1s/dp2s 1.51 E-01 4.19E-01 4.20E-01 4.34E-02
$3s 3.50E-02 9.49E-02 3.80E-02 9.37E-02
d4s 1.29E-02 2.04E-02 1.28E-02 2.43E-02
03s/p4s 2.71 E+00 4.66E+00 2.96E+00 3.85E+00
$¢3s/¢p3m 1.15E+00 1.73E+00 1.22E+00 1.64E+00

[Imaging Apparatus and Imaging System]

[0166] An imaging apparatus (a spectrum reader) and an imaging system (a spectrum reader system) will now be
described as usage examples of the optical system 10 according to the embodiment described above.

[0167] FIG. 20 and FIG. 21 schematically illustrate principal parts of imaging systems 100 and 200 according to the
embodiment of the present invention. The imaging systems 100 and 200 include imaging apparatuses 101 and 201 that
include imaging elements that receive images that are formed by the optical systems 10 and conveyance units 102 and
202 that change relative positions of the imaging apparatuses and test objects 103 and 203. Each imaging system
preferably includes an image-processing unit that generates an image, based on image information that is obtained from
the imaging element. The image-processing unit is a processor such as a CPU and may be disposed inside or outside
the imaging apparatus.

[0168] The imaging apparatuses 101 and 201 image readout regions 104 and 204 in the form of a line elongated in
the first direction (the Y-direction) once and can consequently obtain pieces of image information (a one-dimensional
image) related to wavelengths. Each imaging apparatus is preferably a multispectral camera that can obtain image
information related to four or more kinds of wavelengths, the number of which is larger than that of a typical camera.
Each imaging apparatus is more preferably a hyperspectral camera that can obtain image information related to 100 or
more kinds of wavelengths.

[0169] The imaging elements of the imaging apparatuses can be CCD (Charge Coupled Device) sensors or CMOS
(Complementary Metal Oxide Semiconductor) sensors. The imaging elements may be capable of performing photoe-
lectric conversion of infrared light (near-infrared light and far-infrared light) in addition to visible light. Specifically, an
imaging element composed of InGaAs or InAsSb may be used depending on the wavelength band that is used. The
number of pixels of each imaging element is preferably determined based on resolution obtained in the readout direction
and in the spectral direction.

[0170] As illustrated in FIG. 20, the conveyance unit 102 of the imaging system 100 moves the test object 103 in the
second direction (the Z-direction). The conveyance unit 102 can be, for example, a belt conveyor. As illustrated in FIG.
21, the conveyance unit 202 of the imaging system 200 moves the imaging apparatus 201 in the second direction. The
conveyance unit 202 can be, for example, a multi-copter, an airplane, or an artificial satellite. The use of the conveyance
unit 202 enables a large test object that cannot be conveyed by, for example, a belt conveyor and a test object that is
difficult to move to be imaged at positions in the second direction.

[0171] The imaging systems 100 and 200 can obtain pieces of image information related to positions in the second
direction in a manner in which the imaging apparatuses image the readout regions in order while the conveyance units
change the relative positions of the imaging apparatuses and the test objects. A two-dimensional image related to a
specific wavelength can be generated by a calculation process or by changing the arrangement of imaged images by
using the image-processing unit. To represent information about light and shade in the first direction by using the image
information, spectral distribution (spectral information) may be generated by the image-processing unit, based on pieces
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of the information about light and shade at the respective wavelengths at a specific position in the second direction.
[0172] The conveyance units may move the imaging apparatuses and the test objects. The conveyance units may be
capable of adjusting the relative positions of the imaging apparatuses and the test objects in the direction (the X-direction)
of the optical axis. An optical member (a focus member) that can be driven may be disposed inside or outside the optical
system 10, and the test object may be allowed to be focused by adjusting the position of the optical member.

[Inspection Method and Manufacturing Method]

[0173] A method of inspecting an object (the test object) and a method of manufacturing an article by using the optical
system 10 according to the embodiment described above will now be described. The optical system 10 is suitable for
inspection (evaluation) in industrial fields such as manufacturing industry, agricultural industry, and medical industry.
[0174] At a first step (an imaging step) of the inspection method according to the present embodiment, the object is
imaged by using the optical system 10 to obtain image information about the object. At this time, the imaging apparatus
and the imaging system described above can be used. That is, image information about the entire object can be obtained
by imaging the object while the relative positions of the object and the imaging apparatus are changed. Image information
of multiple objects can also be obtained in order (continuously). At the first step, pieces of the image information related
to the respective wavelengths of light beams that are emitted from the optical system 10 may be obtained.

[0175] At a subsequent second step (an inspection step), the object is inspected based on the image information that
is obtained at the first step. At this time, for example, a user (an inspector) may check (determine) the presence or
absence of a foreign substance or a damage in the image information, or a control unit (the image-processing unit) may
detect a foreign substance or a damage in the image information and notifies the user. A control unit that controls an
article-manufacturing apparatus described later in accordance with the determination result of the presence or absence
of a foreign substance or a damage may be used.

[0176] Atthe second step, the object may be inspected based on the spectral distribution of the object that is obtained
by using pieces of the image information at the respective wavelengths. The unique spectral information of the object
to be inspected can be detected by using the image information that is obtained by the optical system 10, and the
components of the object can be consequently identified. For example, image information may be generated such that
the image-processing unit emphasizes color for every spectral distribution, and the user may carry out inspection based
on the image information.

[0177] The inspection method according to the present embodiment can be used for a method of manufacturing an
article such as food, medicine, or cosmetics. Specifically, a material (an object) for manufacturing the article can be
inspected by the inspection method described above, and the article can be manufactured by using the inspected
material. For example, if it is determined that the material has the foreign substance or the damage at the second step
described above, then the user (a manufacturer) or the manufacturing apparatus can remove the foreign substance
from the material or can discard the material that has the foreign substance or the damage.

[0178] The inspection method described above may be used for inspection of malfunction of the manufacturing ap-
paratus. For example, the presence or absence of malfunction may be determined based on image information about
the manufacturing apparatus, and the operation of the manufacturing apparatus may be stopped, or the malfunction
may be removed in response to the result of determination.

[0179] The preferred embodiment and the examples of the present invention are described above. The present in-
vention, however, is not limited to the embodiment and the examples, and various combinations, modifications, and
alterations can be made within the range of the spirit thereof.

[0180] The present invention is not limited to the embodiment described above, and various modifications and alter-
ations can be made without departing from the spirit and scope of the present invention. Accordingly, the following claims
are attached to make the scope of the present invention public.

[0181] This application claims the benefit of Japanese Patent Application No. 2018-109858, No. 2018-109857, No.
2018-109859, No. 2018-109860, No. 2018-109861, No. 2018-109862, and No. 2018-109863 filed June 7, 2018, and
No. 2019-044279 filed March 11, 2019, which are hereby incorporated by reference herein in their entirety.

Claims

1. An optical system comprising: a front group; a light-shielding member; and a rear group that are arranged in this
order in a direction from a side of an object toward a side of an image,
characterized in that
the light-shielding member is provided with an opening elongated in a first direction,
the front group has an aspherical surface, does not image the object at the opening in a first section parallel to the
first direction, and forms an intermediate image of the object at the opening in a second section perpendicular to
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the first direction,

the rear group has a diffractive surface that splits a light beam that passes through the opening into light beams at
different wavelengths in the second section and focuses the light beams on different locations in the second section,
and

a tilt angle of the aspherical surface in the second section changes in the first direction.

The optical system according to Claim 1, characterized in that the tilt angle of the aspherical surface in the second
section changes such that positions at which an on-axis principal ray and an outermost off-axis principal ray enter
the light-shielding member get closer to each other in a second direction perpendicular to the first direction.

The optical system according to Claim 1 or 2, characterized in that the tilt angle of the aspherical surface in the
second section monotonically changes in the first direction.

The optical system according to any one of Claims 1 to 3, characterized in that the front group has first and second
aspherical surfaces that have a tilt angle in the second section, the tilt angle changing in the first direction.

The optical system according to Claim 4, characterized in that a following condition is satisfied:

1.00 < [dT1 / dy|/|dT2/ dy| < 1.50,

where |dT, /dy| and |dT, / dy| are changes in tilt in regions of the first and second aspherical surfaces through which
a light beam from a single object point passes.

The optical system according to any one of Claims 1 to 5, characterized in that a base surface of the diffractive
surface is an aspherical surface.

The optical system according to any one of Claims 1 to 6, characterized in that in the first section, the front group
has negative power, and the rear group has positive power.

The optical system according to any one of Claims 1 to 7, characterized in that the light-shielding member restricts
a width of a light beam from the object in the first direction.

The optical system according to any one of Claims 1 to 8, characterized in that a width of the opening in the second
section is 0.2 mm or less.

The optical system according to any one of Claims 1 to 9, characterized in that all of optical surfaces of the front
group and the rear group are reflection surfaces.

Animaging apparatus comprising: the optical system according to any one of Claims 1 to 10; and an imaging element
that receives an image that is formed by the optical system.

An imaging system comprising: the imaging apparatus according to Claim 11; and a conveyance unit that changes
relative positions of the imaging apparatus and the object.

An inspection method comprising: a first step of imaging an object by using an optical system to obtain image
information about the object; and

a second step of inspecting the object, based on the image information,

characterized in that the optical system includes a front group, a light-shielding member, and a rear group that are
arranged in this order in a direction from a side of the object toward a side of an image,

the light-shielding member is provided with an opening elongated in a first direction,

the front group has an aspherical surface, does not image the object at the opening in a first section parallel to the
first direction, and forms an intermediate image of the object at the opening in a second section perpendicular to
the first direction,

the rear group has a diffractive surface that splits a light beam that passes through the opening into light beams at
different wavelengths in the second section and focuses the light beams on different locations in the second section,
and

31



10

15

20

25

30

35

40

45

50

55

14.

15.

16.

17.

18.

19.

EP 3 812 822 A1
a tilt angle of the aspherical surface in the second section changes in the first direction.

The inspection method according to Claim 13, characterized in that the first step includes a step of imaging the
object while the object is moved in a direction perpendicular to the first direction.

The inspection method of Claim 13 or 14, characterized in that the first step includes a step of obtaining pieces of
image information related to respective wavelengths of the light beams.

The inspection method according to any one of Claims 13 to 15, characterized in that the second step includes a
step of inspecting the object, based on spectral distribution of the object that is obtained by using the pieces of
image information.

The inspection method according to any one of Claims 13 to 16, characterized in that the second step includes a
step of determining presence or absence of a foreign substance in the object.

A manufacturing method comprising: a step of inspecting the object by using the inspection method according to
any one of Claims 13 to 17; and

a step of manufacturing an article by using the object that is inspected in the step.

The manufacturing method according to Claim 18, characterized in that the step of manufacturing the article
includes a step of removing a foreign substance in the object.
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